ABSTRACT The effect of feed restriction and enzymatic supplementation on intestinal and pancreatic enzyme activities and weight gain was studied in broiler chickens. Quantitative feed restriction was applied to chickens from 7 to 14 d of age. An enzyme complex mainly consisting of protease and amylase was added to the chicken ration from hatching to the end of the experiment. Birds subjected to feed restriction whose diet was not supplemented showed an increase in sucrase, amylase, and lipase activities immediately after the restriction period. Amylase, lipase, and chymotrypsin activities were higher in chickens subjected to feed restriction and fed a supplemented diet than in those only subjected to feed restriction. Trypsin activity increased after feed restriction and
INTRODUCTION
Birds subjected to feed restriction for short periods during the early growth phase show improvement of feed efficiency and reach a weight similar to that of birds fed ad libitum at the time of slaughter (Auckland and Morris, 1971; Plavnik et al., 1986; Plavnik and Hurwitz, 1991) . Feed restriction has been used to reduce the incidence of ascites (Tottori et al., 1997) , sudden death syndrome (Blair et al., 1993; Gonzales et al., 1998) , and skeletal deformities (Lee and Leeson, 2001 ) that are undesirable effects observed in fully fed broilers.
The improvement in feed efficiency observed in feedrestricted chickens has been attributed to reduced overall maintenance requirements caused by a transient decrease in basal metabolic rate (Zubair and Leeson, 1994) . However, the improved feed efficiency can also be related to higher feed intake and to the hypertrophy of the gastrointestinal tract that occurs after the restriction 2004 Poultry Science Association, Inc. Received for publication July 28, 2003 . Accepted for publication February 12, 2004. 1 To whom correspondence should be addressed: mlvpauli@ ibb.unesp.br. 1544 after supplementation, but there was no interaction between these effects. Early feed restriction had no effect on enzyme activity in 42-d-old chickens. Chickens subjected to early restriction and fed the supplemented diet presented higher sucrase, maltase, and lipase activities than nonsupplemented ones (P < 0.05). There was no effect of early feed restriction or diet supplementation on weight gain to 42 d. Percentage weight gain from 14 to 42 d of age was equivalent in feed-restricted and ad libitum fed birds. Feed-restricted broilers fed a supplemented diet showed a higher percentage weight gain than nonsupplemented birds. We conclude that enzymatic supplementation potentiates the effect of feed restriction on digestive enzyme activity and on weight gain. period, when the birds are fed ad libitum (Michael and Hodges, 1973; Lilja et al., 1985; Yu and Robinson, 1992; Zubair and Leeson, 1994) .
Improved digestive efficiency cannot be attributed only to morphological changes in the gastrointestinal tract. In fact, the digestive process is highly dependent on endogenous enzyme activity (Osman, 1982; Pubols, 1991) . Thus, we hypothesized that there would be changes in enzyme activity in broilers subjected to feed restriction, which could explain, at least in part, the improvement in feed efficiency.
Improved feed efficiency and hypertrophy of the gastrointestinal tract can also be observed in chickens fed an enzyme-supplemented diet (Lima et al., 2002) . Exogenous enzymes increase nutrient digestibility by breaking down the fiber in plant cell walls or by hydrolyzing proteins resistant to endogenous enzymes. This response has been observed with the addition of exogenous enzymes to diets that are high viscosity (Simbaya et al., 1996) , as well as to corn-and soy-based diets, considered to be low viscosity diets (Zanella et al., 1999) . Because the use of enzymes increases the availability of nutrients in the small intestine, this practice may induce increased enzyme activity. If so, this effect may potentiate the hypothesized effect of feed restriction on enzyme activity and, consequently, on weight gain.
The practice to feed exogenous enzymes to feed-restricted chickens could be a desirable feeding strategy that might produce birds with maximum lean body mass and final BW at a minimum feed intake. In addition, this practice might offer an economic advantage over a continuous ad libitum feeding regimen. However, little is known about the effect of feed restriction and enzymatic supplementation on the activity of digestive enzymes in broilers (Palo et al., 1995) . Thus, the aim of this study was to determine the effect of feed restriction and enzymatic supplementation on activity of intestinal and pancreatic enzymes and on BW gain.
MATERIALS AND METHODS

Experimental Design
A total of 144 male broiler chicks (Ross line) were obtained from a commercial hatchery on the hatching day. They were housed in metal batteries in an environmentally controlled room with constant illumination and controlled temperature. The birds were randomly allocated to 24 pens (49 × 42 × 58 cm), each containing 6 chicks. Six blocks, 4 experimental units within a block, and 6 replicates per treatment were used. The experiment consisted of a 2 × 2 factorial arrangement of treatments, with 2 feed conditions (feed restriction or no feed restriction) and 2 levels of enzyme supplementation (with or without addition of enzymes to the diet). All procedures were approved by the University Ethics Committee for Animal Research.
Two groups of birds were subjected to feed restriction from 7 to 14 d of age. The other 2 groups received feed ad libitum from d 1 to 42. Chicks in all treatments were fed meal diets (Table 1 ) formulated according to Rostagno et al. (2000) . The daily food amount supplied to the feed-restricted birds was equivalent to 70% of the quantity consumed by the birds fed ad libitum on the previous day. After the period of restriction, the broilers were fed ad libitum until the end of the experiment.
One group of feed-restricted chickens and one group of ad libitum fed chickens received enzyme supplementation in the diet for the duration of the experiment. The enzyme complex used was a blend of dried Aspergillus oryzae fermentation extract and dried Bacillus subtilis fermentation product that contained bacterial and fungal amylase and protease. The enzyme activity was 25,000 proteolytic activity of casein per gram (PC) for protease and 5,000 Sandstedt Kneen Blish (SKB) per gram for amylase. The enzymatic preparation was supplied in the ration at 600 ppm.
Sample Collection and Enzyme Analysis
The effects of treatments were determined at 14 and 42 d of age. For this, one chick chosen randomly from 2 CELM, Sao Paulo, Brazil.
3
In vitro Diagnostica, Barbacena, Brazil. each pen was weighed and killed by cervical dislocation at the appropriate age. The birds had been starved for 8 h to permit intestinal emptying. The pancreas and a 10-cm segment of the small intestine immediately distal to the pancreas, free of residual food, were removed and frozen in liquid nitrogen. Samples were stored in liquid nitrogen until required for assay.
The samples were thawed and homogenized before being assayed for intestinal sucrase (EC 3.2.1.48) and maltase (EC 3.2.1.20) , and for pancreatic lipase (EC 3.1.1.3), amylase (EC 3.2.1.1), trypsin (EC 3.4.4.4), and chymotrypsin (EC 3.4.4.5).
The activity of the pancreatic enzymes was determined after the whole organ was homogenized (1:20, wt/vol) in 50 mM Tris-HCl buffer, pH 8, containing 50 mM CaCl 2 . For trypsinogen determination (Kakade et al., 1974) , enterokinase was added to the homogenate and allowed to convert the enzyme into trypsin. Trypsin activity was then measured from the hydrolysis of pnitroaniline from benzoyl-DL-arginine-p-nitroanilide (DL-BAPNA) at pH 8.2. Units are expressed as nanomoles of p-nitroaniline released per minute per milligram of protein. A similar method was used for the determination of chymotrypsin (Erlanger et al., 1966) , with BAPNA replacing N-glutaryl-L-phenylalanine-pnitroanilide (GPNA). The reaction was stopped with 3% acetic acid solution. Amylase was determined by the iodometric method 2 and the activity was expressed as amylase units per milligram of protein (AU/mg of protein). One amylase unit is the amount of enzyme that will hydrolyze 10 mg of starch in 30 min. Lipase activity was obtained by a colorimetric method.
3 Accordingly, lipase hydrolyzes the thioester, producing a thioalcohol that reacts with nitrobenzoic acid, yielding a yellow anion. The color intensity is proportional to enzyme concentration. The enzyme activity was expressed as International Units (IU) per milligram of protein.
To determine the activity of intestinal enzymes (Dahlqvist, 1964) , the mucosa was removed by gentle scraping with a glass microscope coverslip and homogenized after the addition of 4 parts of ice-cold deionized water. The disaccharidases sucrase and maltase were assayed by incubating aliquots of the homogenates with the appropriate substrate in malate buffer at pH 6.4. Released glucose was determined by the glucose-oxidase method.
2 Enzyme activity was expressed as units per milligram of protein, which was determined by the method of Lowry et al. (1951) .
Statistical Analysis
Data were analyzed in a factorial arrangement with 2 levels of feed condition (ad libitum and restricted) and 2 levels of enzyme addition (with and without enzyme addition). When there was no interaction effect, i.e., the F value for R × S was not significant, the isolated effect of both feed condition and enzyme supplementation (R and S values in the tables) was taken into account and it was possible to conclude whether feed restriction and enzyme supplementation influenced the studied variables independently of each other. When the F value for R × S was significant, showing that the effect of restriction differed as a function of enzyme supplementation, ANOVA was followed by the Tukey test. The Tukey test compared the effect of feed condition on supplemented and nonsupplemented birds and the effect of supplementation on feed-restricted and ad libitum fed birds. The P value for all comparisons, except from the Tukey test, is shown in the tables. The level of significance for the Tukey test was P < 0.05.
RESULTS
Pancreatic Enzymes
There was interaction between feed restriction and enzyme supplementation on the activity of all pancreatic enzymes, except trypsin, immediately after feed restriction (R × S values, Table 2 ). Amylase and lipase activity increased immediately after feed restriction in birds whose diet was not supplemented. This response was still higher when the broilers were fed a supplemented diet. Chymotrypsin activity was higher in broilers whose diet was restricted and supplemented (Table 2) . Supplementation did not contribute to the effect of feed restriction on trypsin activity (P = 0.3001, Table 2 ). The mean value for trypsin activity was 180.55 nmol/mg of protein in feed-restricted broilers and 58.1 nmol/mg of protein in ad libitum fed broilers. This difference was significant (P = 0.0001, Table 2 ). Mean trypsin activity was 129.35 nmol/mg of protein in birds fed the supplemented diet and 109.3 nmol/mg of protein in birds whose diet was not supplemented. This difference was significant (P = 0.0011, Table 2 ).
At 42 d, there was interaction between feed restriction and enzyme supplementation for amylase and lipase (P = 0.0173 and P = 0.0498, respectively). The effect of restriction on amylase activity was observed only in chickens fed the supplemented diet (Table 3) . Lipase activity was higher only in nonrestricted birds fed the supplemented diet. In both conditions, i.e., restricted and ad libitum feeding, lipase activity was higher when the diet was supplemented (Table 3) . Neither enzyme supplementation nor feed restriction had an effect on trypsin or chymotrypsin activity.
Intestinal Enzymes
There was interaction between feed restriction and enzyme supplementation on sucrase (P = 0.0065) and maltase (P = 0.0620) activity immediately after the feed restriction period (Table 2) . Feed restriction induced an increase in sucrase activity only in chickens fed a nonsupplemented diet. Conversely, maltase activity was Lowercase superscripts (a and b) indicate comparison between feed-restricted and ad libitum fed chickens for each diet supplied, with and without enzyme added. Uppercase superscripts (A and B) indicate comparisons between animals fed a supplemented and a nonsupplemented diet in each feeding condition, i.e., restricted and ad libitum. These differences were calculated by the Tukey test when the F-value for interaction was found to be significant. Means not followed by the same letter (a,b or A,B) differ significantly by the Tukey test (P < 0.05). higher in feed-restricted birds receiving a supplemented diet (Table 2) .
At 42 d, there was interaction between feed restriction and enzyme supplementation for sucrase (P = 0.0001) and maltase (P = 0.0001) activity (Table 3 ). Sucrase and maltase activity was higher in early-restricted birds fed a supplemented diet. In birds whose diet was not supplemented there was a decrease in enzymatic activity in response to feed restriction (Table 3) .
BW and Feed Consumption
In 14-d-old chickens, BW and cumulative feed intake for ad libitum fed birds were higher than feed-restricted birds (P = 0.0001). In 42-d-old chickens, BW for ad libitum fed birds was also higher than feed-restricted birds (P = 0.0612). There was no difference in the cumulative feed intake from d 14 to 42 between feed-restricted and Lowercase superscripts (a and b) indicate comparison between feed-restricted and ad libitum fed chickens for each diet supplied, with and without enzyme added. Uppercase superscripts (A and B) indicate comparisons between animals fed a supplemented and a nonsupplemented diet in each feeding condition, i.e., restricted and ad libitum. These differences were calculated by the Tukey test when the F value for interaction was found to be significant. Means not followed by the same letter (a,b or A,B) differ significantly by the Tukey test (P < 0.05). ad libitum fed birds. Body weight and feed intake did not change in response to diet supplementation (Table  4 , S values).
There was interaction between feed restriction and enzyme supplementation for percentage weight gain (P = 0.0925). Early feed-restricted birds fed a supplemented diet had a higher percentage weight gain from 14 to 42 d than nonsupplemented birds. There was also an increase in weight gain when early-restricted chickens received a supplemented diet (Table 4) .
DISCUSSION
The results of our experiment show adaptation of digestive enzymes to feed restriction in broilers, characterized by an increase in the activity of sucrase, amylase, lipase, and trypsin immediately after the restriction period in birds fed a nonsupplemented diet. The ability of Lowercase superscripts (a and b) indicate comparison between feed-restricted and ad libitum-fed chickens for each diet supplied, with and without enzyme added. Uppercase superscripts (A and B) indicate comparisons between animals fed a supplemented and a nonsupplemented diet in each feeding condition, i.e., restricted and ad libitum. These differences were calculated by the Tukey test when the F value for interaction was found to be significant. Means not followed by the same letter (a,b or A,B) differed significantly by the Tukey test (P < 0.05). the digestive tract to respond to changes in physiological needs has been demonstrated in mammals (Ferraris and Diamond, 1997) and birds (Dykstra and Karasov, 1992; Biviano et al., 1993) , mainly with respect to nutrient absorption and organ structure. In fact, birds subjected to feed restriction increased intestinal absorption, and the gastrointestinal tract organs seemed to be spared the effect of restriction on weight that affects other organs and the BW. These responses depend on animal age and on the duration of the restriction period (Casirola et al., 1997; Ferraris et al., 2001) .
The responses observed in the present study partially agree with those reported by Palo et al. (1995) . These authors determined the activities of pancreatic and intestinal enzymes in broilers subjected to feed restriction either from 7 to 14 d of age or from 11 to 14 d, and observed an increase of pancreatic enzymes at 14 d of age, immediately after the restriction period. However, the intestinal enzyme activities only increased at 21 d of age, 7 d after the resumption of feeding. In our study, and in that of Palo et al. (1995) , the increase in enzyme activity caused only by feed restriction could not be observed at 42 d of age. These results may indicate the occurrence of adaptation of the enzymatic response to restriction, or that such response may present a peak followed by a decrease before the final phase. However, the higher enzymatic response may have contributed to the higher percentage weight gain observed in birds subjected to feed restriction.
The increase in enzyme activity can be part of the digestive adaptation observed after feed restriction, which, according to Zubair and Leeson (1994) , is considered one of the factors contributing to growth compensation. These investigators observed hypertrophy of the digestive tract associated with higher feed intake relative to BW in chickens subjected to early feed restriction.
They did not observe reduction of maintenance requirements during refeeding, which, according to a number of investigators, could explain a higher efficiency in energy retention after the restriction period (Harris and Martin, 1984; De Boer et al., 1986) . The higher enzyme activity may have been stimulated by the presence of feed in the gastrointestinal tract for a longer time, provoked by a slower rate of feed passage through the gastrointestinal tract (Barash et al., 1992) .
In feed-restricted broilers fed a supplemented diet, we observed an increase in pancreatic enzyme activity immediately after the restriction period. Comparison of the two groups of restricted birds, supplemented and nonsupplemented, showed that supplementation caused a higher response of all pancreatic enzymes except trypsin. The effect of supplementation and the effect of restriction, alone, could not provoke an increase in enzyme activity in the final phase, with the exception of lipase, which was increased in ad libitum fed chickens receiving the supplemented diet. However, an increase in amylase, sucrase, and maltase activities could be observed in birds subjected to both feed restriction and a supplemented diet.
These responses may have been influenced by an increase of substrate in the gastrointestinal tract caused by the action of exogenous enzyme. The increased response in digestive enzymes supports the hypothesis that birds modulate specific enzymes according to substrate levels, rather than maintaining high enzyme activity constantly (Karasov and Hume, 1997) . The higher enzyme activity observed in birds subjected to early feed restriction and fed a supplemented diet may have contributed to the higher weight gain because it is known that enzymes play a rate-determining role in providing the substrates for growth (Uni, 1999) .
In the present study, supplementation did not induce a significant increase in BW in birds fed ad libitum. The difference between our results and those reported by Zanella et al. (1999) can be attributed to different amounts of supplemental enzymes, because in our study the enzyme proportion used was 600 g per ton of ration, whereas in the study of Zanella et al. (1999) , the proportion was 1,000 g per ton. In fact, a high correlation has been demonstrated between enzyme concentration in the diet and weight gain in chickens (Marquardt et al., 1996) . However, enzyme supplementation induced an 8% improvement in BW in chickens subjected to early feed restriction, a response coherent with the enzymatic response mainly if we consider that the enzymes that act on carbohydrates were augmented during the final phase. The weight gain by feed-restricted birds and birds fed a supplemented diet shows that the compensatory weight gain attained by feed-restriction (Auckland and Morris, 1971; Plavnik and Hurwitz, 1985 , 1989 Plavnik et al., 1986; Fontana et al., 1992) may be higher if the diet is supplemented.
We may conclude that enzyme supplementation improved the activity of digestive enzymes and BW gain in birds subjected to feed restriction, indicating a potentiation between the effects of diet supplementation and feed restriction.
